The effect of nitroglycerin on proper arterial stiffness of the arterial tree has not been fully clarified. The cardio-ankle vascular index (CAVI), which is an application of the stiffness parameter theory on the arterial tree from the origin of the aorta to the ankle, was developed recently. Furthermore, the stiffness of the aorta (heart-thigh (htBeta)) and of the femoral-tibial arteries (thigh to ankle (taBeta)) could be monitored by applying the same theory. The effects of nitroglycerin on CAVI, htBeta, and taBeta were studied comparing the values of healthy people and those of arteriosclerotic patients. Methods: The subjects were healthy people (CAVI 7.5, n 25) and arteriosclerotic patients (CAVI 9, n 25). Nitroglycerin (0.3 mg) was administrated sublingually, and various arterial stiffness indices were measured at one-minute intervals for a period of 20 minutes using Vasera VS-1500 (Fukuda Denshi, Tokyo). 
Introduction
Nitroglycerin (NTG) is used to relieve the symptoms of angina pectoris, and this effect is thought to Copyright©2017 Japan Atherosclerosis Society This article is distributed under the terms of the latest version of CC BY-NC-SA defined by the Creative Commons Attribution License. stiffness, pulse wave velocity (PWV) has been used for the last several decades, and it was thought to be a kind of surrogate marker of arteriosclerosis 3, [6] [7] [8] [9] . However, PWV depends inherently on blood pressure (BP) changes at the time of measurement 9, 10) . Therefore, there have been difficulties in interpreting the data dealing with various therapies or conditions associated with blood pressure changes 9, 10) . Recently, the cardio-ankle vascular index (CAVI) was developed as an arterial stiffness index, which was derived from the stiffness parameter beta theory 11) with the application of the Bramwell-Hill equation 12) . It is essentially independent from BP at the time of measurement, and it reflects the stiffness of the arterial tree from the origin of the aorta to the ankle 13) . CAVI was almost established to be a surrogate marker of arteriosclerosis [14] [15] [16] such as coronary arterial disease 17, 18) , cerebral infarction 19) , and chronic kidney disease 20) . CAVI values are also elevated in most patients exhibiting various coronary risk factors and are decreased by treating these risk factors 14, [21] [22] [23] [24] . The stiffness monitored with CAVI is partly composed of functional stiffness. When the 1 adrenoceptor blocker, doxazosin, was administered to men, blood pressure decreased and CAVI also decreased, indicating that CAVI also reflected the condition of arterial smooth muscle contraction 15) . Recently, we reported that CAVI was decreased by NTG administration in healthy people and arteriosclerotic patients 25) . This is the first report to demonstrate the effect of NTG on proper arterial stiffness of the arterial tree quantitatively in vivo. However, the arterial tree to which CAVI is applied is composed of the aorta, as an elastic artery, and the femoral-tibial arteries as muscular arteries. The specificity of the effect of NTG on a decrease of arterial stiffness in the elastic arteries and muscular arteries has not been determined.
In this paper, we studied whether the arterial stiffness changes caused by NTG are due to its effect on the aorta, or on the femoral and tibial arteries.
In order to measure arterial stiffness of the aorta as an elastic artery, and of the femoral-tibial arteries as muscular arteries separately, we applied the stiffness parameter theory to those arteries by utilizing Bramwell-Hill's equation in the same way as it is applied when measuring CAVI. In this way, the stiffness of the aortic artery is called heart to thigh Beta (htBeta), and that of the femoral-tibial arteries is called thigh to ankle Beta (taBeta). Furthermore, we compared changes between healthy people (HP) and arteriosclerotic patients (AP).
In addition to this parameter, we analyzed the changes in blood pressure, stroke volume, cardiac output, and systemic vascular resistance during NTG administration in order to understand the role of arterial stiffness of the main arterial tree in systemic circulation.
Methods

Study Subjects:
This study was conducted at Sakura Hospital Medical Center, Toho University. Subjects in the first group were 25 healthy people (HP) aged 25-37 years old. They had no hypertension, diabetes mellitus, or dyslipidemia, and they had no history of arteriosclerotic disease.
The subjects of the second group were 25 people (AP) with a history of cardiovascular disease who undertook percutaneous coronary interventions (PCI) or coronary bypass graft (CABG) operations.
Measuring the Cardio-Ankle Vascular Index (CAVI):
The subjects lay down on a bed in a supine position and took an oral dose of NTG 0.3 mg. From that moment, at intervals of one minute, blood pressure, CAVI, pulse rate, and cardiac output were measured. CAVI was measured using the VaSera VS-1500 machine (Fukuda Denshi, Tokyo) as previously described 14) . This index was originally derived from stiffness parameter , proposed by Hayashi 11) and was applied to a length of artery with the application of a modified version of Bramwell-Hill's equation 12) . CAVI a{(2 / P) ln(Ps/Pd)PWV 2 } b ------CAVI formula where Ps is systolic blood pressure, Pd is diastolic blood pressure, PWV is pulse wave velocity from the origin of the aorta to the tibial artery at the ankle through the femoral artery, P is Ps-Pd, is blood density, and a and b are constants in order to adjust the values of CAVI to those of Hasegawa's PWV 24) .
Measuring Heart Thigh Beta (htBeta), and Thigh to Ankle Beta (taBeta) (refer to Fig. 1 ): htBeta, which indicates the stiffness of the aorta, was calculated by measuring the pulse wave velocity from the origin of the aorta to the upper portion of the femoral artery and blood pressure at the upper brachial artery. These values were introduced into the equation above. taBeta, which indicates the stiffness of the femoral-tibial arteries, was calculated by measuring the pulse wave velocity from the upper portion of the femoral artery to the ankle and blood pressure at the upper brachial artery. These parameter values were introduced into the equation without "a" and "b" constants of the CAVI formula as stated above. htBeta and taBeta values were thus obtained.
htBETA and taBETA were measured essentially using the same method as the CAVI method. Therefore, reproducibility of htBETA and taBETA are supposed to be about the same as CAVI's reproducibility of about a 3.8 percent coefficient of variation 13) . In this study, we measured these parameters every minute to clarify the precise dynamics during NTG administration. Furthermore, blood pressure and PWV values were measured at one-minute intervals in each portion.
Blood pressure was measured using an oscillometric method at the right upper brachial portion. The blood pressure value used for taBeta, should ideally be measured in the leg. However, in practice it is difficult to measure every minute in the leg while detecting pulse waves. To confirm the rationale for the usage of blood pressure at the brachial artery in place of the leg, the CAVI values were compared between brachial blood pressure and leg blood pressure. During NTG administration, the CAVI values were not significantly different when utilizing blood pressures at either location (after 5 minutes CAVI: −1. . This was the case among both healthy people and arteriosclerotic patients. Therefore, to measure taBeta, we used blood pressure at the brachial artery in place of the leg artery.
Measurement of Cardiac Stroke Volume and Cardiac Output, and Calculation of the Systemic Vascular Resistance:
The changes of cardiac stroke volume and cardiac output were continuously monitored using the Aesculon mini machine (Osypka medical, California, USA) 26) . Systemic vascular resistance (SVR) was calculated by dividing the mean brachial blood pressure minus constant central venous pressure with cardiac output 27) . SVR 80(mean arterial pressure-central venous pressure)/cardiac output (dyn sec/cm 5 ). Central venous pressure was supposed to be 5 mmHg in this case.
Statistical Analysis:
The change of CAVI, htBeta, taBeta, blood pressure, stroke volume, heart rate, cardiac output, and systemic vascular resistance during the administration of nitroglycerin in healthy people and arteriosclerotic patients were expressed as the median (interquartile Median values of the parameter before administrated NTG and after NTG administrated were compared using a Wilcoxon signed rank test.
Median values of the change of the parameter after NTG were administered in healthy people and that in arteriosclerotic patients were compared using the Mann-Whitney U-test.
Clinical backgrounds of the studied subjects were expressed as the mean standard deviation. The mean values were compared using Unpaired Student t-test.
As for the analogy compared between brachial blood pressure and ankle blood pressure for the calculation of CAVI, data were expressed as the mean standard deviation. The mean values were compared using Paired t-test.
Statistically significant differences were considered at P 0.05.
All statistical analyzes were performed using the statistical package SPSS Version 22.0 (IBM, Chicago, IL, USA).
Ethics
All participants gave written informed consent after a detailed description of the procedures in accordance with the Declaration of Helsinki, and the study protocol was approved by the ethics committee of the Faculty of Medicine, Toho University (Approved No. 26001).
Measurement of Intimal Wall Thickness of Carotid Artery:
Cardiac echocardiography were taken by skilled technician using Philips iE33 (Amsterdam, The Netherlands) and carotid ultrasonography were taken by skilled technician using Toshiba AplioXG (Tokyo, Japan).
Plaque score was calculated as reported previously 28) . IMT was measured as reported previously 29) .
Results
Patient characteristics are shown in Table 1 .
1) Vascular parameters of healthy people during NTG administration:
When healthy people took an oral dose of NTG (0.3 mg), their arterial stiffness from the origin of the aorta to the ankle was measured using CAVI at oneminute intervals for 20 minutes. Blood pressure, pulse rate, stroke volume, and cardiac output were also measured. After administration of NTG in healthy people, the CAVI value decreased significantly after 5 min.
[from 6.76(6.32-7.27) to 5.50(4.70-6.21), P 0.05 at 5 min.], and recovered after 15 min., as shown in Fig. 2 .
In 
Discussion
The median CAVI value in arteriosclerotic patients was higher than that in healthy people. As for the median htBeta and taBeta, taBeta was significantly higher than htBeta in both groups, indicating that stiffness of muscular arteries (femoral and tibial arteries) was higher than that of elastic arteries (the aortic artery). Furthermore, both htBeta and taBeta were significantly higher in arteriosclerotic patients than in healthy people, indicating that both muscular and elastic arteries increased their stiffness with arteriosclerosis.
Furthermore, we evaluated the effect of NTG administration on CAVI, and htBeta and taBeta to clarify the specificity of the responsiveness to NTG in each artery. Administration of NTG decreased CAVI in both healthy people (HP) and arteriosclerotic patients (AP) (Fig. 2, 3) .
The maximum depression of CAVI was similar in both HP and AP (Fig. 4) . These results were consistent with those reported by Shimizu et al. 25) . It was already reported that NTG decreases the stiffness of the peripheral arteries by monitoring the pulse wave velocity (PWV) 4, 6) . However, PWV is essentially changed by blood pressure at the time of measurement 9, 10) , therefore, accurate arterial stiffness changes could not been shown using PWV. Our results shown in Fig. 2, 3 indicate that nitroglycerininduced dilatation of the arteries is accompanied by increased proper elasticity of the arteries. Furthermore, the responsiveness to NTG of the whole arterial tree from the origin of the aorta to the ankle was almost the same in both HP and AP. However, the time of maximum depression of CAVI in HP was faster than that in AP. This indicates that the response of vascular smooth muscle to administrated NTG was faster in HP than in AP. Furthermore, CAVI in HP was less than that in AP after about 17 min. It may indicate that the recovery of the smooth muscle vasodilatation was much faster in HP than in AP.
htBeta in HP decreased, but htBeta in AP scarcely decreased. This result might indicate that the elasticity of the aorta decreased with the progression of arteriosclerosis (Fig. 2, 3) . On the other hand, taBeta decreased in both HP and AP groups almost at the same rate in the first 5 min (Fig. 2, 3, 4) .
Therefore, the significant decrease in CAVI in HP compared with that in AP might be due to the decreased htBeta in HP.
On the contrary, taBeta in AP was greater than that in HP after 10 min. (Fig. 4) .
htBeta in HP and, htBeta in AP were not different after 10 min. But taBeta in AP was significantly greater than that in HP. Therefore, significantly decreased CAVI in AP after 10 min. might be due to the decreased taBeta in AP.
These results indicated that nitroglycerininduced vasodilatation was maintained in femoral and tibial arteries, as muscular arteries, in AP. Namely, it suggested that the responsiveness of smooth muscle cells to NTG in the muscular arteries was maintained even in AP.
These results are consistent with the clinical observation that administration of nitroglycerin to arteriosclerotic patients is effective in the treatment of angina pectoris 30) . Systolic blood pressure decreased in both groups, and decreased systolic blood pressure was much greater in AP than in HP. Whereas, diastolic blood pressure decreased in both groups, and decreased diastolic blood pressure was much greater in HP than in AP.
Considering the maintained responsiveness of taBeta to NTG in AP and larger decreased systolic blood pressure in AP, systolic blood pressure might be much more dependent on muscular artery elasticity.
Considering that htBeta of the aorta was scarcely decreased by NTG and diastolic blood pressure was less decreased in AP than in HP, it might be suggested that diastolic blood pressure was much more affected by the aorta as an elastic artery than by the arterioles as muscular arteries. To confirm this hypothesis, further studies will be required.
Cardiac output in HP was maintained during the first 10 min. and decreased after 12 min. during NTG administration. However, in the AP group, cardiac output decreased from the first few mins. Stroke volume decreased in both HP and AP at almost the same rate whereas heart rate increased in HP, but not in AP. The different heart rate changes might be due to the different response of autonomic nerve reflection, but this needs to be clarified. Systemic vascular resistance decreased in both HP and AP at almost the same rate during NTG administration, and the difference was not significant. This effect of NTG on peripheral vascular resistance has already been reported by Taira et al. 31) . Interestingly, a correlation between changes of CAVI and systemic vascular resistance was observed. The correlation rate was r 0.727, P 0.001 in HP and r 0.636, P 0.002 in AP (data was shown only here). CAVI reflects stiffness or elasticity of the arterial tree from the origin of the aorta to the ankle, including elastic arteries and muscular arteries, but not the arterioles. It has been suggested that blood pressure was mainly regulated with the resistance of peripheral arteries 32) . Our results show that CAVI is well correlated with systemic vascular resistance, and this might indicate that CAVI reflects vascular resistance in the main arterial tree. Therefore, CAVI may be a useful index to evaluate the involvement of the main arterial tree in the blood control system in vivo.
Study Limitation:
Blood pressure for the calculation of CAVI, htBeta, and taBeta should ideally be measured in each arterial segment, but this was not possible in this clinical study. We used blood pressure at the upper brachial artery. CAVI values obtained using the blood pressures both at the ankle and upper brachial artery were almost the same during NTG administration.
The CAD patients were examined under the controlled state of their various coronary risk factors. The point that we cannot remove the effects of their medications is a limitation of our study.
Conclusion
NTG administration decreased CAVI values, the beta theory-applied index of the aorta (htBeta), and the femoral and tibial arteries (taBeta) with varying rates in each index. It is noteworthy that muscular arteries in arteriosclerotic patients maintained their responsiveness to NTG much more than those in healthy people.
The response of CAVI was well correlated with systemic vascular resistance, indicating that CAVI might reflect the vascular resistance of the arterial tree.
These results indicate that measuring arterial stiffness with theory-derived vascular indices might contribute to studies on the role of segmental arterial stiffness in systemic circulation.
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